ABSTRACT Most adult mosquito surveillance in Maryland is performed using dry ice-baited or unbaited Centers for Disease Control (CDC) miniature light traps suspended Ϸ1.5 m above the ground. However, standardized trapping methods may miss mosquito species involved in disease transmission cycles. During a 2-yr study, the effectiveness of the olfactory attractant 1-octen-3-ol alone and in combination with carbon dioxide was evaluated for collecting mosquito vector species. In addition, trap heights were examined to determine the optimal vertical placement to target various species. We evaluated the results during the second year by targeting selected species by using various habitatÐ heightÐ bait combinations. Although Culex erraticus Dyar & Knab and Anopheles quadrimaculatus Say were not successfully targeted, Culex salinarius Coquillett, Aedes vexans Meigen, Anopheles bradleyi/crucians King, Coquillettidia perturbans Walker, Aedes sollicitans Walker, and Aedes taeniorhynchus Wiedemann were preferentially captured using targeted trapping schemes.
VECTOR-BORNE DISEASES exact high costs on affected populations through expenditures on surveillance, control, and human health (Reiter 2001) . This is especially true where little research has been focused or for introduced pathogens where the biology may have shifted and the vectors, reservoirs, and ecology of the pathogen may not be fully understood. Thus, tools that help to provide information to Þll some of these knowledge gaps will reduce the disease burden on affected populations.
Although human body odor is considered to be the most important cue in the host-seeking behavior of anthropophilic mosquitoes (Takken and Knols 1999) , several researchers have investigated other chemical compounds as potential olfactory attractants. These include carbon dioxide (CO 2 ), acetone, lactic acid, butanone, 1-octen-3-ol (octenol), and mixed phenols (Kline et al. 1990b ). The results from these studies conclude that the responses to these scents are highly species speciÞc because they can act as kairomones or allomones. Moreover, combinations of these odorants can have very different effects than the individual chemicals alone. For example, catches of Aedes vigilax Skuse and Aedes funereus Theobald were considerably enhanced when octenol was combined with CO 2 (Kemme et al. 1993 ).
Since its discovery as an attractant for tsetse ßies (Hall et al. 1984) , octenol has been widely studied for many other insect species, including mosquitoes (Kline 1994) . Several studies have investigated the efÞcacy of octenol in conjunction with CO 2 to attract mosquitoes, either to enhance vector-borne disease surveillance, or as a potential control method (Vaidyanathan and Edman 1997a, b; Kline and Lemire 1998; Rueda et al. 2001; van den Hurk et al. 1997; Shone et al. 2003) . Various Culex, Anopheles, and Aedes species are attracted to octenol, especially when combined with CO 2 . Many of these species are also important vectors of mosquito-borne diseases, including West Nile encephalitis (family Flaviviridae, genus Flavivirus, WNV), Eastern equine encephalitis (family Togaviridae, genus Alphavirus, EEE), St. Louis encephalitis (family Flaviviridae, genus Flavivirus, SLE), Venezuelan equine encephalitis (family Flaviviridae, genus Flavivirus, VEE), canine heartworm, and malaria. Therefore, trapping systems that incorporate combinations of these attractants may enhance surveillance for these diseases and provide a better estimate of disease prevalence in individual vector species.
In addition to olfactory attractants, the vertical placement of traps and habitat selection greatly inßu-ence the species that are captured (Snow and Wilkes 1977 , Denke et al. 1996 , Bellini et al. 1997 . For example, traps placed in the tree canopy often capture primarily ornithophilic mosquitoes (Lepore et al. 2004) . Therefore, trapping schemes in which trap height is modiÞed may improve the accuracy of distribution and density estimates for mosquitoes in an area as well as the prevalence of a mosquito-borne disease in that region.
Most of the adult mosquito surveillance conducted in Maryland is performed using dry ice baited or unbaited Centers for Disease Control (CDC) miniature light traps (model 512, John W. Hock, Co., Gainesville, FL) suspended Ϸ1.5 m above the ground. Bidlingmayer (1985) described how this method of adult surveillance selects for or against some mosquito species. Furthermore, and most importantly, standardized trapping methods such as these may miss or even repel mosquito species involved in disease transmission cycles (Chadee 1991) . In Maryland, there is endemic transmission of WNV, EEE, and Dirofilaria immitis (Leidy) with sporadic occurrences of airport malaria. Some of the major vector species that transmit these pathogens in the state have previously been found to respond to light traps baited with CO 2 , octanol, or both (Kline et al. 1990a, b; Becker et al. 1995; Beavers et al. 1998; Kline and Mann 1998) .
This study focused on selected mosquito species for targeted collection by modifying existing trapping methods and surveying over a wide range of habitats around the Chesapeake Bay. Preference in species selection was given to those considered to be important potential vectors of disease in the region. Different bait combinations and trap heights were chosen and evaluated for their ability to selectively trap vectors through two mosquito seasons (2002 and 2003) . Traps baited with CO 2 and octenol either alone or in combination were compared with standard trapping protocols.
Materials and Methods
Mosquito Collection Techniques. CDC miniature light traps (model 512, John W. Hock, Co.) were used because they are the most commonly used trap by mosquito control agencies. The standard attractant on these traps is a 1-W light bulb; however, these traps can be baited with additional attractants.
CO 2 baiting was accomplished by suspending a 3.785-liter (1-gal) Igloo container Þlled with 1.4 kg of dry ice above the trap. The container had a 3-cm hole drilled in the bottom so that CO 2 gas was released at a rate of Ϸ42 g/h. Gas released from the cooler fell over the trap and was spread by the trapÕs fan and existing air currents. Octenol baiting was accomplished using a 5-ml glass reaction vial (Supelco, Bellefonte, PA) attached to the side of the trapÕs motor housing. The reaction vial was capped with a plastic lid exposing a neoprene septum. A 3-mm hole was bored through the septum from which a pipe cleaner wick protruded Ϸ1.5 cm. As the volatile mixture was drawn up the wick, it aerosolized, and dissipated from the source either alone or as a mixture with the CO 2 gas released from the dry ice container. The actual release rate of octenol was not calculated but based on Kline and colleagues wick out method with a rate of Ϸ41 mg/h (Kline et al. 1990a, b) .
A tripod apparatus was assembled from polyvinylchloride (PVC) pipe and outÞtted with a rope and pulley system from which the trap was suspended at variable heights up to 5 m above the ground. All heights were measured from the ground to the motor/ light assembly.
Study Sites. Year 1. Adult mosquito surveys were performed at three sites in Maryland on the west side of the Chesapeake Bay. These sites included three different mosquito habitats: freshwater swamp, ßooded woodland, and salt marsh. The sites were chosen as representative of the major mosquito breeding areas throughout eastern Maryland. These habitat types are widely distributed throughout the Chesapeake Bay region and ecologically account for some of the richest, most sensitive, and most important natural areas in the state. The sites selected did not participate in mosquito control activities and had little ground light present.
The freshwater swamp and ßooded woodland sites were located Ϸ1.45 km apart at the Jug Bay Wetlands Sanctuary (Lothian, MD). The swamp site was an area permanently ßooded by the Patuxent River with emergent vegetation (National Wetlands Inventory [NWI] code: PSS1). This vegetation included arrow arum, arrowhead, pickerel weed, spatterdock, rose mallow, and skunk cabbage. The light traps were operated on moderately dry land directly adjacent to the swamp.
The ßooded woodland (NWI code: PFO1A) trap site was located adjacent to a creek on a ßoodplain that ßooded during periods of rain. The predominant vegetation in the woodland area was oak, hickory, sweet gum, American beech, poplar, red maple, sassafras, and Virginia pine. The subcanopy contained American holly, sweet bay, musclewood, ßowering dogwood, witch hazel, and black gum. Groundcover included partridge-berry, spotted wintergreen, spring beauty, and mayapple. The traps were operated directly over the ßooded area.
Salt marsh traps were operated at the ParkerÕs Creek Wetlands Sanctuary (Port Republic, MD). The salt marsh ßooded with the tides of the Chesapeake Bay and had a measured salinity of 13 ppt (NWI code: E2EM5P). The predominant vegetation was Spartina patens (Aiton) Muhl. and phragmites. The traps were operated within the marsh boundaries.
Year 2. To evaluate the results from year 1, 15 sites representing the same habitat types used during year one (Þve each of freshwater swamp, ßooded woodland, and salt marsh) were selected. Again, the sites did not participate in mosquito control activities and had little ground light present.
The woodland sites selected were located near Bacontown Park (Laurel, MD), in three areas of the Patuxent River Park (Bowie and Croom, MD), and at the Jug Bay Wetlands Sanctuary. All Þve sites ßooded after rain and had vegetation characteristic of a ßooded woodland habitat, as described previously. The traps were operated directly over the ßooded area.
The swamp sites selected were located near the Oxbow Nature Preserve (Laurel, MD), in three areas of the Patuxent River Park, and at the Jug Bay Wetlands Sanctuary. All Þve sites were permanently ßooded and had vegetation characteristic of a swamp habitat, as described previously.
The salt marsh sites selected were located at the Smithsonian Environmental Research Center (Edgewater, MD), Thomas Point State Park (Annapolis, MD), Sandy Point State Park (Annapolis, MD), and two areas in the Horsehead Wetlands Sanctuary at the Chesapeake Bay Environmental Center (Grasonville, MD). All Þve sites were ßooded by the tidal activity of the Chesapeake Bay and the vegetation was predominantly Spartina grasses and phragmites.
Experimental Design. Year 1. A 4 by 4 Latin square design with CDC light traps placed at 20-m intervals in the grid (Cochran and Cox 1957) was used to test the bait treatments: no bait, CO 2 , octenol, or CO 2 and octenol. The traps were operated for four consecutive nights. To test the effect of vertical trap placement, each night a different height (0.5, 1.5, 3.0, and 5.0 m) was chosen, and all traps were suspended at that height such that all four trap heights were used over the 4 days. In addition, the baiting scheme at each location in the grid was randomly selected each night. The traps were operated from May through September 2002 and ran for 24 h each trapping period. After 4 d of trapping in one habitat, the setup was transferred to a different habitat. Thus, the sampling returned to the original habitat every third week.
Collected female mosquitoes were morphologically identiÞed to species (Darsie and Ward 1981, Slaff and Apperson 1989) on a chill table and counted. Mosquitoes of the same species were pooled into tubes containing no Ͼ40 individuals and stored at Ϫ80ЊC for future arbovirus testing.
Year 2. Targeted trapping schemes designed using the results from year one were evaluated during the second year of the study. To test the efÞcacy of the scheme to target a particular species, a test trap was suspended from a natural or artiÞcial structure (i.e., our tripods from year 1) at the best height, measured from the ground to the fan/motor assembly, determined in year 1 with the best bait determined in year 1. A control trap was suspended at 1.5 m with no olfactory attractant. Traps were operated 50 m apart for two consecutive nights at all Þve sites of a particular habitat type. On the second night, the trap positions were rotated. At the end of the 2-d study, the traps were moved to a different set of Þve sites, and a different species was targeted with the appropriate bait and vertical placement. The species targeted was determined by the seasonality pattern seen in the results from year 1. For example, Aedes sollicitans Walker was targeted in year 2 during the same weeks as it was most prevalent in the previous year. Trap collections were retrieved each morning and kept cool until arrival in the laboratory. Similar to year 1, the traps were operated from May through September 2003. Female mosquitoes were morphologically identiÞed to species on a chill table by using dichotomous keys (Darsie and Ward 1981, Slaff and Apperson 1989) and enumerated.
Because of the size of several collections of Culex salinarius Coquillett, a system was designed to closely approximate the number of individuals present in these samples by mass. To establish this system, 12,000 female Cx. salinarius mosquitoes were separated into pools of 200. These pools were removed from storage at Ϫ80ЊC and held at 4ЊC for 15 min. Two hundred mosquitoes at time were added to an Ohaus electronic balance (model GA 200-D, Ohaus Corp., Florham Park, NJ), and the mass was recorded to the nearest 1/10,000 of a gram. The 60 measurements were used to calculate a best Þt line: y ϭ 2137.9x, R 2 ϭ 0.999. Thus, when Cx. salinarius collections were too large to count, the sample was held at 4ЊC for 15 min, mass taken to the nearest 1/10,000 of a gram, and the total number of mosquitoes was calculated using the above best Þt line.
Data Analysis. Year 1. The counts of all specimens collected were transformed to log e (n ϩ 1) for analysis of variance (ANOVA) to determine the effect of the attractant and height. The transformed data were analyzed by two-way ANOVA by using SigmaStat (SPSS Inc., Chicago, IL).
Year 2. An odds ratio (OR) was calculated for each target species to determine the efÞcacy of the targeted trapping scheme for that species: (no. female of target species in test trap ϫ no. female of nontarget species in control trap) Ϭ (no. female of nontarget species in test trap ϫ no. female of target species in control trap). The 95% conÞdence interval for each odds ratio was calculated using the SigmaStat (SPSS Inc.). For traps where more than one species responded to the same height and bait combination as the target, the counts of these additional species were added to counts of the target species such that an OR was calculated for all species which responded to the same bait/height combination. nights at the freshwater swamp, and 325 nights at the salt marsh. A total of 39,328 female mosquitoes were collected at all three sites. The reduction in trap nights for the salt marsh is because of a prolonged ßooding of the marsh that prevented access to the trap site.
Results
At Regardless of habitat, no mosquito species was most commonly attracted to an unbaited CDC light trap. Moreover, for most species, the addition of octenol alone did not increase the number of mosquitoes collected. In contrast, the addition of CO 2 or both CO 2 and octenol resulted in a signiÞcant increase in the number of mosquitoes collected (Table 1) . For example, Cq. perturbans, An. bradleyi/crucians, Ae. sollicitans, Ae. taeniorhynchus, and Cx. salinarius were more attracted to traps baited with CO 2 and octenol than traps baited with the other attractants. Furthermore, Cx. erraticus, Ae. vexans, and An. quadrimaculatus were more attracted to traps baited with CO 2 or CO 2 with octenol than traps with no bait or octenol alone. However, there was no difference in the counts of these species between traps with CO 2 or CO 2 with octenol.
Over all habitats, the largest numbers of mosquitoes were collected at a trap height of 0.5 or 1.5 m. A greater number of Cx. salinarius, An. bradleyi/crucians, Ae. sollicitans, Ae. taeniorhynchus were collected at 0.5 and 1.5 m than at any other height. An. quadrimaculatus and Cq. perturbans were collected more at 1.5 m than at any other height. Additionally, An. bradleyi/crucians was most commonly collected at 0.5 m. The only species which was collected more often at a height Ͼ1.5 m was Cx. erraticus.
There were signiÞcant differences when the results are categorized by habitat. In the ßooded woodland, Cx. erraticus was signiÞcantly more attracted to a trap baited with CO 2 alone suspended at 3.0 m above the ground, and Cx. salinarius was signiÞcantly more attracted to a light trap baited with CO 2 and octenol set at 1.5 m above the ground. Conversely, there was no statistical difference in the attraction of Ae. vexans to any of the attractants or trap heights (Fig. 1) .
At the swamp; Cq. perturbans, An. bradleyi/crucians, and Cx. salinarius were all signiÞcantly more attracted to CO 2 and octanol-baited traps suspended at 1.5m that any other trap set-up (P Ͻ 0.05). Cx. erraticus and An. quadrimaculatus also were most attracted to traps at 1.5 m but baited with CO 2 only (Fig. 2) .
The species most commonly collected at the salt marsh siteÑAe. sollicitans, Ae. taeniorhynchus, Cx. salinarius, and An. bradleyi/cruciansÑwere signiÞcantly more attracted to traps baited with CO 2 and octenol than any other bait. Furthermore, although Ae. sollicitans, Ae. taeniorhynchus, and Cx. salinarius were most attracted to a trap suspended at 1.5 m, An. bradleyi/crucians was most attracted to traps hung at 0.5 m (Fig. 3) .
Using these results, trapping schemes were developed to target eight mosquito vector species during year 2. These species included Cq. perturbans, An. quadrimaculatus, An. bradleyi/crucians, Ae. sollicitans, Ae. taeniorhynchus, Cx. erraticus, Cx. salinarius, and Ae. vexans . The factors involved in determining the targeted trapping scheme were habitat, height, bait, and time of year at which the majority of each species was collected (Table 2) The test traps, which evaluated the efÞcacy of the targeted trapping schemes, were signiÞcantly more successful at collecting Ae. vexans, An. bradleyi/crucians, Cq. perturbans, Cx. salinarius, Ae. sollicitans, and Ae. taeniorhynchus than the control traps at all habitats sampled. The ORs ranged from 1.32 to 67.23 (Table 3) . Conversely, there was no signiÞcant difference between the test traps and control traps for An. quadrimaculatus or Cx. erraticus.
Discussion
For decades, the most common trapping technique used by mosquito control and mosquito-borne disease surveillance programs has been CDC light traps suspended Ϸ1.5 m above the ground either unbaited or baited with CO 2 . Although this technique collects various mosquito species with moderate success, this study demonstrates that minor modiÞcations to the height at which the trap is operated or the olfactory attractants supplied with the trap can signiÞcantly augment a collection for an individual vector species of interest.
As with previous studies, the results of this investigation reveal species-speciÞc responses to both olfactory attractants and to trap height. Similar to earlier research that investigated salt marsh mosquito species (Takken and Kline 1989; Kline et al. 1990b Kline et al. , 1991b Kline 1994; Rueda et al. 2001 ), all of the salt marsh species collected in this studyÑCx. salinarius, An. bradleyi/crucians, Ae. sollicitans, and Ae. taeniorhynchusÑwere most attracted to traps baited with both CO 2 and octenol. Furthermore, with the exception of the anopheline species, they were captured most in traps suspended at 1.5 m. These results are not surprising as all four species are potential bridge vectors of several pathogens including West Nile virus, Eastern equine encephalitis virus, and Venezuelan equine encephalitis virus; and feed on various hosts found at these heights with these odorants. When compared with control traps, the test trapping scheme was signiÞcantly more successful at collecting the target species.
The only species collected in the woodland habitat that was attracted most to CO 2 and octanol-baited light traps was Cx. salinarius. This species was collected most with this trapping scheme at the other two habitats as well, a Þnding which supports previous research (Kline et al. 1991a , Kline and Mann 1998 , Rueda et al. 2001 . Similar to the Þndings of Rueda et al. (2001) , Ae. vexans and Cx. erraticus were both most attracted to traps baited with CO 2 alone. Traps suspended at 1.5 m collected Ae. vexans most, whereas traps suspended at 3.0 m collected Cx. erraticus most. The test traps were signiÞcantly more successful at targeting Cx. salinarius and Ae. vexans than the control traps; however, there was no difference between the test and control traps in the ability to target Cx. erraticus. The failure of the test trap to target Cx. erraticus may be because of a shift in the weather pattern from year 1 to year 2 that affected population sizes of this mosquito species. The temperature stayed cooler longer into the summer in the second year and disrupted the seasonal trapping pattern. Thus, although Cx. erraticus were present in trap collections, they may not have been at their peak activity when they were targeted.
Two species at the swamp, Cx. erraticus and An. quadrimaculatus, were most attracted to traps baited with CO 2 hung at 1.5 m. The test traps for these species were no more successful at collecting the target species than the control trap. Again, the failure to target Cx. erraticus may be because of the change in weather from year 1 to year 2. Previous research has yielded mixed results for An. quadrimaculatus. Some studies report that CO 2 and octanol-baited light traps are most attractive (Takken and Kline 1989 , Kline et al. 1991a , Kline and Mann 1998 , whereas others, including this study, suggest a CO 2 -baited trap would best target this species (Kline et al. 1990a , Rueda et al. 2001 . Therefore, our inability to successfully target An. quadrimaculatus may be because of the use of the incorrect olfactory attractant. Cq. perturbans, An. bradleyi/crucians, and Cx. salinarius were attracted most to traps baited with CO 2 and octenol suspended at 1.5 m, and the test traps for these three species were signiÞcantly better at collecting the target species than the control traps.
Cx. salinarius, Ae. vexans, An. bradleyi/crucians, Cq. perturbans, Ae. sollicitans, and Ae. taeniorhynchus have been implicated in the transmission of WNV, EEE, SLE, VEE, canine heartworm, and malaria. The Counts of species that were targeted using the same baitÐ height combination were combined for OR calculations.
ability to target these species could be used to more efÞciently estimate the prevalence of disease in these mosquitoes or to understand the role these mosquitoes might play in the ecology and spread of the pathogens. This knowledge could be used to focus control and surveillance efforts and potentially limit occurrences of these diseases.
